ABSTRACT In the southeastern United States, hunting billbug, Sphenophorus venatus vestitus Chittenden, adults are often observed in turfgrass, but our knowledge of their biology and ecology is limited. Field surveys and experiments were conducted to determine the species composition, life cycle, damaging life stage, and distribution of billbugs within the soil proÞle in turfgrass in North Carolina. Linear pitfall trapping revealed six species of billbug, with the hunting billbug making up 99.7% of all beetles collected. Data collected from turf plus soil sampling suggest that hunting billbugs have two overlapping generations per year in North Carolina and that they overwinter as both adults and larvae. Field experiments provided evidence that adult hunting billbugs are capable of damaging warm season turfgrasses.
Over the past 10 yr, reports of billbugs in warm season turfgrasses in the Southeastern United States have increased. Billbugs (Sphenophorus spp.) (Coleoptera, Curculionidae) are well-known insect pests of turfgrasses in many parts of the world (Tashiro 1987) . More than 60 species of billbugs exist in the United States, with pest activity historically located in areas where cool season turfgrass is grown (Niemczyk and Shetlar 2000) . In the southeastern United States, our knowledge of billbug biology and ecology is limited. Ten billbug species have been recorded in Florida turfgrasses, with the hunting billbug, Sphenophorus venatus vestitus Chittenden, being the predominate species collected. The hunting billbug can have up to six overlapping generations per year in Florida, and adults are nocturnal (Huang and Buss 2009) . These studies used pitfall traps to document adult activity. Little work has been done to document other life stages of billbugs in the Þeld (Johnson-Cicalese et al. 1990) . Similar information on billbug species composition, life cycle, and distribution within the turfgrass and soil proÞle is lacking for the cool and warm season turfgrass transition zone areas such as North Carolina.
Billbugs cause damage that is often misdiagnosed as disease, drought, fertility, or other factors (Potter 1998) . Billbug damage in cool season turfgrasses has been described in detail; adults notch the stems and blades of grass, and females chew holes into stems for oviposition (Shetlar 1995) . Small larvae hollow out the stems, leaving frass (Potter 1998) , and large larvae can cause severe damage by feeding on crowns, stolons, and roots. Damage caused by larvae can result in areas of yellow turfgrass that grow larger and coalesce into patches of brown or tan turfgrass (Shetlar 1995) . On warm season turfgrass in North Carolina, the most severe symptoms appear during late spring and early fall in the same areas year after year, but billbug damage in bermudagrass, Cynodon dactylon (L.) Pers.; paspalum (Paspalum L.); and zoysiagrass, Zoysia japonica L., has not been thoroughly characterized (Doskocil and Brandenburg 2008) . The objectives of this study were to determine the species composition, abundance, seasonal activity, life cycle, damaging stage, and distribution of billbug adults and larvae within the turfgrass and soil proÞle in North Carolina turfgrass systems.
Materials and Methods
Species Composition, Abundance, and Activity. Five locations across North Carolina with a history of billbug occurrence were selected for billbug species composition surveying: 1) western North Carolina: Turf Mountain Sod Farm, Hendersonville, NC, bluegrass Poa pratensis L.; 2) CowanÕs Ford Country Club, Charlotte, NC, bermudagrass, Cynodon dactylon (L.) Pers.; 3) central North Carolina: Hidden Valley Golf Course, Angier, NC, bermudagrass; 4) North Carolina State University Faculty Club, Raleigh, NC, bermudagrass; and 5) southeastern North Carolina: Quality Turf sod farm, Burgaw, NC, zoysiagrass, Zoysia japonica L. Linear pitfall traps (Lawrence 1982) were placed at each location. Each trap consisted of 2-m-long polyvinyl chloride (PVC) pipe, 5 cm in diameter, with a 2.5-cm slit cut lengthwise across the top and with a cap fastened at one end. A 0.96-liter plastic cup (Sweetheart Maximizers, PFS Sales, Raleigh, NC) with a hole cut into the side (7.5 by 7.5 cm) for pipe insertion was placed over the open end of the PVC pipe. A lid was placed on top of the cup and small holes were made in the bottom to allow for water drainage. Trenches were dung to allow the placement of two pitfall traps below the turfgrass horizon, leaving only the slit exposed. Traps were placed perpendicular to each other one meter apart at the edge of an area of known billbug presence. Collection from traps occurred weekly from March through October and monthly from November through February. In 2008, eight, turf plus soil samples where randomly taken using a golf course cupcutter (10.2 cm in diameter by 15.2 cm in depth). Samples were taken from areas of turfgrass that exhibited symptoms of billbug damage. In 2009, the protocol was modiÞed by taking 20 cupcutter samples in a sequential manner per sampling. Initially, sampling areas were chosen randomly; the same manner as in 2008. If no billbugs were found in the initial sample, a new area was selected. If larvae were found, four additional samples were taken in a 1-m radius of that sample; once Þve samples were taken, a different area was selected. This was repeated until a total of 20 cupcutter samples had been taken.
All samples were processed in the Þeld at the time of collection. Cupcutter samples were divided into four horizons: turfgrass and thatch and 0 Ð5, 5Ð10, and 10 Ð15 cm depth in the soil proÞle. The turfgrass and thatch section was processed by tearing the turfgrass and thatch apart in a 28.3-liter plastic storage container (57.9-by 42.4-by 17.8-cm Rubbermaid Snaptoppers, Newell Rubbermaid Inc.), and searching the contents for billbugs. Soil horizons were sifted into a tub and searched for billbug presence. For the purposes of this study, larvae were placed into one of three categories: small, medium, and large because billbug larval size has not been characterized to instars. Sizes were sorted as follows: small, head capsule Ͻ1.0 mm in width; medium: head capsule width between 1.0 and 1.7 mm; and large, head capsule Ͼ1.7 mm in width. The number and size of recovered larvae were recorded for each horizon, along with the number of pupae. Data from both locations were compiled, along with pitfall trap data of adult activity and presence, to develop a comprehensive overview of the billbug life cycle. Damaging Life Stage. Two locations were selected to determine billbug damaging life stage. The location of trial I was Quality Turf sod farm, Burgaw, NC, in ÔMeyerÕ zoysiagrass grown on Norfolk Þne sandy loam soil. Location of trial II was the North Carolina State University Lake Wheeler Turf Research Facility, Raleigh, NC, in bermudagrass 419 grown on Cecil clay loam soil. Turfgrass that had no known history of billbug presence in these respective locations were selected. Arenas were constructed by pressing a large cylinder of PVC pipe (15 cm in diameter by 20 cm in length) to a depth of 15 cm into established stands of turfgrass (Potter 1982) . This resulted in an enclosed turfgrass arena with a 5-cm barrier above the turfgrass surface and a 15-cm barrier below the surface.
On 13 August 2009, adult hunting billbugs were collected manually at night before initiation of the trial from the North Carolina State University Faculty Club Golf Course in Raleigh, NC. Billbugs were kept in groups of ten in plastic graduated 30-ml medicine cups (Solo, Highland Park, IL) at ambient temperature until introduction into the arenas the following morning. Billbug larvae were collected from the same location as the adults the morning of 14 August 2009. bermudagrass turf was cut into strips with a sod cutter, and medium to large larvae were collected manually from the bare soil and sod. Larvae were held in plastic December 2012 DOSKOCIL AND BRANDENBURG: HUNTING BILLBUG LIFE CYCLE AND DAMAGING STAGEstorage containers, similar to those used in the sampling protocol, between layers of moist paper towel out of direct sunlight, until introduced to arenas. Larval collection occurred from 6 to 10 a.m., and introduction to arenas was complete by 12 p.m. Adult populations of 6, 10, and 16 beetles were introduced into arenas and allowed to settle into the turf. Populations of 3, 5, and 8 larvae per arena were introduced into areas by making holes 1 cm in diameter 2 cm in depth into the soil by using the end of a Sharpie pen (Sanford Corp., Atlanta, GA). One larva was placed into each hole and covered with soil. After introduction, arenas were covered with Þberglass screen (Phifer Inc., Tuscaloosa, AL), and the screen was secured with a 0.91-m cable tie (Cable Ties Plus Inc., Kingston, MA). Treatments along with an untreated control, a covered arena with no billbugs, were replicated four times at each location in a randomized complete block.
Billbugs Trial I was evaluated on 10 September 2009. The PVC barrier was removed from the ground to allow digital photographs to be taken and the grass height to be recorded for each arena. Grass was measured from the soil surface to top of grass blades within the arena by using a ruler.
Digital photographs were taken with a Lumix DMC-LZ5 camera (Panasonic Corp., Secaucus, NJ) set on simple mode and with the aid of a light box. The light box was consisted of a 64-liter blue opaque plastic tub (40.4 by 41.9 by 60.7 cm, Rubbermaid, Roughneck, Newell Rubbermaid Inc.) with a hole (5 by 7.6 cm) cut in the center of the bottom. Six 30.4-cm white ßuo-rescent battery operated lights (model 17406, General Electric, FairÞeld, CN) were attached to the inside of the box with adhesive Velcro (Velcro, Sticky Back, Levitt Industrial Textile, Hicksville, NY) in the corners and the center of the longest sides. The light box was placed top side down over the arena, and the lens of the camera guided through the hole in the bottom. Camera was not white balanced for the box. Images were analyzed with Sigma Scan Pro (Systat Software Inc., San Jose, CA) digital imaging software to provide nondiscriminate empirical data of the grass color in each plot. Images were resized to 680 by 500 pixels, and threshold values were set at hue 50 Ð130 and saturation 20 Ð100.
The turfgrass and soil enclosed in each arena were then removed with a shovel and placed into a collection tub where the contents were searched for billbug life stages in a manner similar to that described in the life-stage distribution protocol. All life stages found were recorded.
The Þrst introduction of trial II was evaluated on 13 September 2009, and the second introduction was evaluated on 30 September 2009. All data were analyzed and means separated with TukeyÕs honestly signiÞcant difference (HSD) at P Ͻ 0.05 (Proc GLM, SAS Institute 2003). As measured by linear pitfall trapping, a trend in adult hunting billbug activity was identiÞed with two peaks in adult activity; the Þrst peak occurred from April to June followed by a peak from August to October. Acknowledging the trend, some variation in activity can be seen from location to location and year to year (Figs. 1Ð3) .
Results

Species
Distribution in Turfgrass-Soil Profile. From 2008 to 2009, 162 billbug larvae and pupae were extracted from 1,276 cupcutter samples, for a total excavated soil volume of 1.58 m 3 (Table 2 ). This equates to 0.127 larval and pupal billbugs per 1,238 cm 3 or one cupcutter sample. Results from sampling presented in Fig. 4 .
Damaging Life Stage. All larval treatments produced no signiÞcant impact on turfgrass color (Figs. 5 and 6) or height (Figs. 7 and 8) compared with the control in both zoysiagrass and bermudagrass plots. In contrast, all adult treatments signiÞcantly reduced turfgrass greenness (Figs. 5 and 6) and height (Figs. 7 and 8) compared with the controls in both grasses. Larval treatment rates produced no signiÞcant difference in either color or height among treatments. At the conclusion of the study 81% of adults and 21% of larvae introduced were recovered from the zoysiagrass plot. Three pupae were found in larval treat- ments, and no larvae were found in adult treatments. In the bermudagrass plot 87% of adults and 27% of larvae introduced were recovered. Two pupae were found in larval treatments, and no larvae were found in the adult treatments.
Discussion
Hunting billbug was the most abundant species recorded in North Carolina turfgrasses during the survey from 2007 to 2009. Peaks in adult activity occurred April to June and from August to October. Pitfall trapping only monitors adult activity and provides no insight into immature life-stage occurrence. We were only able to Þnd low numbers of larvae on a consistent basis at two locations over two Þeld seasons, but these data did help determine that hunting billbugs have two overlapping generations per year in North Carolina, with both medium-sized larvae and adults overwintering.
Immature presence in the soil proÞle (Table 2 ) and adult seasonal activity (Figs. 1Ð3) present a picture that does not match reports in the literature of larvae being the damaging life stage. Peaks in adult activity coincided with billbug damage symptoms observed in warm season turfgrasses (Doskocil and Brandenburg 2008) . Damage is often noticed in the spring when affected turfgrass is slow to recover from winter dormancy. In late summer and fall, damage presents itself as a "dry patch" that does not respond to additional watering (Doskocil and Brandenburg 2008) . Closer examination of these areas reveals grass that is easily pulled free from the crown and roots. The stems break off with no trace of soil, indicating damage occurred above the soil surface. This is unlike damage from larvae of scarabaeid white grubs that results in turfgrass that can be pulled loose and rolled up like carpet, a result of the root system being severely damaged (Watschke et al. 1995) . Information from literature indicates that young billbug larvae feed in and on the crowns of grass, whereas late instars feed on the root system below the surface (Doskocil and Brandenburg 2008) . During our survey of immature billbug life stages, very few larvae were found above the soil surface in the turfgrass and thatch where damage is occurring. The majority of larvae were found below the soil surface (Table 2) .
Data from the damaging life-stage studies indicate that adult hunting billbugs are capable of reducing the greenness and height of bermudagrass and zoysiagrass compared with the control (Figs. 5Ð 8) . At the conclusion of the study no immature life stages were found in adult treatments, suggesting that the damage and resulting symptoms were caused only by adults. Larvae were not found to reduce the greenness or height of the grass compared with the control (Figs.  5Ð 8 ). This may be due to the larval recovery in both bermudagrass and zoysiagrass plots being poor, Ͻ30%. Poor recovery is not uncommon in studies that introduce subterranean pest into artiÞcial arenas; white grub larvae also have been reported to experience poor recovery when relocated for damage threshold studies (Potter 1982 ).
Although we were not able to quantify damage caused by larval presence, this does not suggest that they are incapable of causing damage. More likely, our larval population was not maintained at sufÞcient levels in the treatment arenas to cause damage. However, the numbers used for treatments in this trial equaled or exceeded any populations we have encountered in the Þeld, and it is important to note that during this study in severely damaged areas we never recovered signiÞcant numbers of larvae or pupae.
In this study, we were able to characterize the species composition and seasonal activity of billbugs in North Carolina turfgrasses. In addition, we determined the life cycle and damaging life stage of hunting billbug in bermudagrass and zoysiagrass. The information gained by this study provides a better understanding of the life history billbugs in North Carolina, a key step in developing an effective and comprehensive management strategy of this turfgrass pest.
